Sol-Gel chemistry has been used to prepare undoped and Mg-substituted biphasic calcium phosphates (BCP) ceramic composed of hydroxyapatite (HAp) 
Abstract
Sol-Gel chemistry has been used to prepare undoped and Mg-substituted biphasic calcium phosphates (BCP) ceramic composed of hydroxyapatite (HAp) and whitlockite (β-TCP) phases. Different series of samples have been synthesized with different Mg doping level (from 0 to 5 atomic % of calcium atoms substituted) and different temperature of calcinations (from 500 to 1100°C). All the powdered samples were systematically treated by Rietveld refinement to extract the quantitative phase analysis, the structural and microstructural parameters, to locate the Mg crystallographic sites and to refine the composition of the Mgsubstituted phases. The temperature dependence of the weight amount ratio between HAp and β-TCP is not monotonic due to the formation of minor phases as Ca 2 P 2 O 7 , CaO, MgO, CaCO 3 and certainly an amorphous phase. On the other hand the Mg stabilizing feature on the whitlockite phase has been evidenced and explained. The mechanism of stabilization by small 
Introduction
Biphasic calcium phosphates (BCP) ceramics, composed of a mixture of hydroxyapatite (HAp, Ca 5 (PO 4 ) 3 OH) and beta-tri calcium phosphate (β-TCP, β-Ca 3 (PO 4 ) 2 ), are interesting candidates in reconstructive surgery. Bone mineral mass is dominated by nano-crystalline non-stoichiometric HAp [1] [2] [3] . For these reasons, HAp has been widely used as biocompatible materials for permanent bone replacement, scaffold for new bone growth or for bone prostheses coating [4] . β-TCP has also been largely considered due to its high solubility in particular in conjunction with HAp to produce so called Biphasic Calcium phosphate (BCP).
Advantages of the BCP ceramics are the difference in dissolution properties of the two phases, the rapid bone reconstruction around the implant site and their close matches with the inorganic components of bones [5] [6] [7] . The addition of magnesium (the fourth highest concentrated cation in the human body after calcium, potassium and sodium) in BCP is attracting due to the beneficial effects on the physicochemical properties of minerals [8] [9] [10] and on the bone metabolism [2, 11, 12] . Bone minerals contain various amounts of magnesium [13] , either adsorbed at the surface of hydroxyapatite crystals or incorporated inside its crystallographic structure [12] . The mineral encountered in biological systems commonly named with the term 'whitlockite' (in the biological and medical literature) is in fact a magnesium substituted whitlockite phase [2, [14] [15] [16] [17] . The deficiency of Mg in bone has been suggested as a possible risk factor for osteoporosis in humans [11] . Magnesium is known to reduce the degradation rate of calcium phosphate biomaterials [18] [19] [20] and to influence the crystallization of mineral substance [12, 13, [21] [22] [23] [24] [25] [26] [27] . The substituted low magnesium-containing apatite sample decreased the osteoinductive properties of biomaterials whereas the substituted high magnesium-containing apatite had a toxic effect on bone cells [12] . In recent years, the development of Mg-substituted hydroxyapatite and/or BCP ceramics has been subject of interest [10, [28] [29] [30] . The amount of HAp and β-TCP in BCP can be tailored by the temperature of calcination [31, 32] as well as by the insertion of magnesium [2, 10, 21, 33, 34] or strontium [35, 36] . The dissolution properties of both phases can be modified by incorporation of doping elements [37] . The substitution of magnesium during the preparation process of BCP ceramics can also been useful to monitor the microstructural parameters (namely the average crystallite size) of the HAp and β-TCP [10, 13, [21] [22] [23] [24] [25] [26] [27] . The purpose of our study was to examine in detail the incorporation of Mg 2+ ions in BCP samples at the atomic level: determination of the microstrucral parameters (average crystallite size and internal constraints). Rietveld analyses were performed on X-ray diffraction powder patterns recorded from series of BCP samples containing different amount of magnesium (from 0 to 5 atomic % of calcium substituted by Mg) and with different temperature of calcination (from 500 to 1100°C).
Experimental

Sol-Gel elaboration of Mg-substituted BCP
The sol-gel route previously proposed by the authors [38, 39] 05Mg1100, 10Mg1100, 20Mg1100 and 50Mg1100 samples.
Furthermore, the pure hydroxyapatite samples (named the 00Mg series) of nominal composition Ca 5 (PO 4 ) 3 ·OH and 5 at. % Mg-doped hydroxyapatite samples (named the 50Mg series) have been synthesised with calcinations temperature of 500, 700, 800, 900 and 1000°C. Samples are noted respectiveley 00Mg500, 00Mg700, 00Mg800, 00Mg900 and 00Mg1000 for the pure 00Mg series, and 50Mg500, 50Mg700, 50Mg800, 50Mg900 and 50Mg1000 for the 50Mg series.
The chemical compositions of all samples were determined by ICP-AES (Inductively Coupled Plasma-Atomic Emission Spectrometry). The nominal and experimental compositions of 00Mg series, 05Mg1100, 10Mg1100, 20Mg1100 and 50Mg series are listed in Table 1 . As usually observed for sol-gel derived ceramics [40] , the global nominal compositions have been achieved pretty well.
X-rays powder diffraction
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Powder X-ray diffraction (PXRD) patterns were recorded on a X'Pert Pro Philips diffractometer, θ-θ geometry, equipped with a solid detector X-Celerator and using Cu K α radiation (λ = 1.54184 Ǻ). Powder pattern were recorded at room temperature in the interval 3° < 2θ < 120°, with a step size of ∆2θ = 0.0167° and a counting time of 200 s for each data value. A total counting time of about 200 min. was used for each sample. Si powder pattern was collected (from pure silicon standard) by using the same experimental conditions in order to extract the instrumental resolution function. The quality of the measured powder patterns with good statistic counting and good signal/background ratio allowed to perform quantitative Rietveld analyses by taking into account minor crystallized phases; i.e. below 1 weight % (wt. %).
Rietveld refinements
Powder pattern were analyzed by Rietveld refinement with FullProf.2k [41] . successive refinement cycles numerous parameters were allowed to vary accordingly to the relative weight amount of the observed phases. The following refinement sequence has been used: first lattice parameters, zero shift and peak profiles, and next atomic parameters:
positional, isotropic temperature and occupancy factors. The scattering contrast between calcium and magnesium atoms allowed the refinement of the substitution by Mg in the different Ca sites for the main phases. The last refinement cycles were performed by introducing hydrogen atom from hydroxyl anion. The H4 (atom labels taken from [42] in all the text) position was located on the site 4e, a soft constraint of 0.92 ± 0.05 Å was applied to the distance O4-H4, and the isotropic temperature factors of H4 was constrained to be 1.2 times B iso of the corresponding oxygen atom O4 as it is usual for hydroxyl groups [49] [50] [51] .
The use of the instrumental resolution function improved the peak profile modelling while decreasing the number of profile parameters. It allowed also the extraction of the sample intrinsic microstructural parameters: average apparent crystallite size and average maximum strain. The diffraction profiles (both instrumental and sample intrinsic) were modelled by using a Thomson-Cox-Hastings pseudo-Voigt function [41] . Refinement with the anisotropic line broadening procedure [41] was used to calculate the anisotropy of morphology of the HAp crystallites. As indicated in [35] cares were taken to obtain accurate values for the quantitative phases analyses. An example of Rietveld plot can be found in supplementary information section for the 50Mg700 sample. Table 2 the 50Mg1100 sample can be found as supplementary information (Table SI1 SI2 SI3 respectively).
Interaction with biological fluid
The Mg-substituted powdered samples (16 mg . DMEM has been considered rather than SBF because it matches more closely the biological conditions due in particular to the presence of amino acids.
DMEM is also the culture medium that will be used for future cell interactions studies. At
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each immersion time the concentration of the three elements Ca, P and Mg were determined by ICP-AES in the biological fluid after elimination of the solid by centrifugation.
Results and discussion
Effect of the temperature of calcination on the pure BCP series (i.e. the 00Mg series)
The PXRD patterns of the 00Mg series (i.e. samples 00Mg500, 00Mg700, 00Mg800, 00Mg900, 00Mg1000 and 00Mg1100) can be found as supplementary information ( Figure   SI2 ). All these powder patterns are mainly composed by the diffraction peaks of HAp phase (see stars in Figure SI2 ). Clear evidence of the increase of crystallinity when the temperature of calcinations increase is given by the evolution of the diffraction peak widths. The main phases are the expected HAp and β-TCP phases, and minor crystallised phases are α-and β-Ca 2 P 2 O 7 , CaO and CaCO 3 ( Table 2 ). In agreement with the literature the α-Ca 2 P 2 O 7 phase observed at 500°C and 700°C is transformed into the β-Ca 2 P 2 O 7 polymorph at 800°C
(temperature of transition about 750°C) [47, 48, 52, 53] . This dicalcium diphosphate phase disappeared at 1000°C. The calcite phase observed in the samples calcined at 500°C and 700°C disappeared in the sample calcined at 800°C and above, in agreement with its temperature of decomposition of the carbonate around 750°C [54] . The amount of lime (CaO) is dependent to the reactions transformation between the three phosphate phases: HAp (ratio Ca/P = 1.67), β-TCP (ratio Ca/P = 1.5) and Ca 2 P 2 O 7 (ratio Ca/P = 1.0). From 500°C to 900°C
an increase of the lime wt. % is observed simultaneously with a decrease of the HAp wt. %, an increase of the β-TCP and Ca 2 P 2 O 7 wt. % and a disappearance of CaCO 3 due to the following reactions ( 
At 1000°C, and even more at 1100°C, a stabilisation of the HAp phase is observed ( Figure 1a) simultaneously with an increase of the wt. % of CaO in disagreement with reactions (1) 
Effect of the temperature of calcination on the 5% Mg-doped BCP series
Figure 3 displays a detail (two-theta range from 20° to 60°) of the PXRD patterns of the 50Mg series (i.e. samples 50Mg500, 50Mg700, 50Mg800, 50Mg900, 50Mg1000 and 50Mg1100). All these powder patterns are mainly composed by the diffraction peaks of HAp phase (see stars in Figure 3 ), except for the 50Mg1100 powder pattern in which the β-TCP contribution became predominant (see circles in Figure 3 ). As well as the pure BCP series, an increase of the crystallinity is observed when the temperature of calcinations increases. Minor crystallised phases are α-and β-Ca 2 P 2 O 7 , CaO, CaCO 3 , and also MgO which presents
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relatively broad diffraction peaks ( Table 2 ). The presence of magnesium in the sample seems not to affect the transition temperature from the α-Ca 2 P 2 O 7 to the β-Ca 2 P 2 O 7 polymorph which was still observed between 700°C and 800°C [47, 48, 52, 53] . The amount of lime in the 50Mg series is clearly inferior to this observed previously in the pure BCP series. Lime is associated with a quite equivalent weight amount of periclase (MgO); i.e. around 1 wt. % for both alkaline earth oxide phases. Nevertheless we can observe a light increase of the weight amount of lime and periclase from 500°C to 800°C (same evolution already observed in the pure BCP series) following by a decrease of these weight amounts up to 1100°C (in contrast with the pure BCP series for which the weight amount of lime was maximal at 1100°C). The Figure SI4) show the evolution observed when introducing Mg atoms during the synthesis in our BCP samples. The known stabilisation effect of Mg on the β-TCP phase [10, 29] is here clearly evidenced and characterized (Table 2 and Figure SI4a TCP in the 05Mg1100 sample (i.e. less than 15 wt. %) leading to a not very stable refinement of its structural parameters.
Effect of the Mg-doping amount in the BCP series calcined at 1100°C
Structural sites localization of Mg atoms in the BCP samples
During the last cycles of refinement attempts were performed to localize Mg atoms in all the Ca sites describing the HAp (two non-equivalent Ca sites represented in Figure 2 in [35] ) and the β-TCP (five non-equivalent Ca sites represented in Figure SI3 in [35] ). The seven possible sites were individually checked. The Mg occupancy factor was refined by constraining the alkaline earth full occupancy of the site (Mg occupancy + Ca occupancy = 1), except for the Ca4 site in whitlockite which present a half occupancy (Mg occupancy + Ca occupancy = ½).
Whatever the sample, no Mg atoms were localized in the HAp phase; in perfect agreement with the observations on the lattice parameters (Figures 1b and SI4b). The structure of HAp heated at 1100°C is able to accept Ca substitution by a bigger alkaline earth as strontium [35, 36] , but not by a smaller alkaline earth as magnesium. The refined occupancies values for Mg in the Ca sites of the β-TCP phase can be found in supplementary information section (Table SI2 ). The Ca substitution by Mg is mainly realised in the Ca5 site (in agreement with [34] ); in contrast with the substitution by Sr which occurs mainly in the Ca4 site [35, 36] . Only the sample 50Mg1100 shows also a weak substitution of Ca by Mg in the Ca3 site. In contrast with the results given by [34, 55] no indications were obtained concerning the substitution of Mg in the Ca4. The structural parameters of the Mg-doped withlockite phase with composition β-Ca 2.841(9) Mg 0.159(9) (PO 4 ) 2 from the 50Mg1100 sample can be found as supplementary information (Table SI3) . A comparison of the Ca-O interatomic distance and the Bond Valence Sums (BVS) [57] for the five Ca sites for the pure β-TCP phase [43] and for β-Ca 2.841(9) Mg 0.159(9) (PO 4 ) 2 phase from the 50Mg1100 sample are given in supplementary information (Table SI4) 
Interaction with biological fluid
The effects of the Mg-subtitution level ( Figure 5 ) and the calcination temperature ( mentioned that the in vitro bioactivity of HAp leads to the formation of a calcium phosphate layer which contains small amount of magnesium [38] . Then the presence of Mg element in the β-TCP phase of BCP powders seems to accelerate the precipitation of this layer. The effect of the calcination temperature ( Figure 6 ) is correlated with the inserted Mg amount in the β-TCP phase. The Ca and P concentrations in DMEM are weaker after immersion of 50Mg700 compared to 50Mg500. And these concentrations are higher after immersion of 50Mg900 and even higher for 50Mg1100, compared to 50Mg700. This means that the precipitation of the calcium phophate layer is favoured at the surface of the 50Mg700 sample (i.e. the sample which contains the less soluble and the more stabilised Mg-substituted β-TCP phase). The solubility of the phases in BCP is not the most important feature to take into account to improve its bioactivity. The most important is the presence of nucleation sites at the crystallites surface which are activated by the presence of inserted magnesium atoms. The microstructural parameters, i.e. crystallinity and cristallite size, are certainly also important characteristics for the development of the biomimetic layer.
Conclusions
The sol-gel process has been used to prepare Mg-doped biphasic calcium phosphates (BCP)
ceramics. With respect to un-substituted sample, the Mg-substituted samples exhibits higher proportion of β-TCP phase; namely at high temperature (above 1000°C Table SI1 . Microstructural parameters refined for the hydroxyapatite (HAp) and whitlockite (β-TCP) phases. Table SI2 . Rietveld refinement results on the Mg insertion in the whitlockite structure. Table SI3 . Structural parameters of the Mg-doped withlockite phase with composition β-Ca 2.841(9) Mg 0.159(9) (PO 4 ) 2 from the 50Mg1100 sample. Table SI4 . Comparison of the interatomic distances and the calculated bond valence sum (BVS) for the pure and the Mg-doped with composition β-Ca 2.841(9) Mg 0.159(9) (PO 4 ) 2 from the 50Mg1100 sample. Figure SI1 . Rietveld plot on the 5% Mg-doped sample calcined at 700°C, 50Mg700 sample, (λ = 1.5418 Å). Figure SI2 . Details of the X-rays powder patterns (in the range 20 < 2θ < 60°) from the Mg free BCP series with calcination temperature from 500°C to 1100°C. Figure SI3 . Ca substitution level in the Ca 3-x Mg x (PO 4 ) 2 solid solution for the 50Mg series and for the samples 20Mg1100 and 10Mg1100. Figure SI4 . Results of the Rietveld refinements as a function of the introduced Mg amount at 1100°C: quantitative phase analysis, unit volume per Ca = unit cell volume/unit cell number of Ca atoms. This material is available free of charge via the Internet at http://pubs.acs.org. 
